Introduction: The purpose of this study was to determine if trauma induced coagulopathy is
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Introduction:
Polytrauma and hemorrhage is a leading cause of morbidity and mortality in patients younger than 45years in both the United States and world-wide (21, 31) . Up to 1/3 of severely injured patients develop a coagulopathy, and these patients have a higher mortality rate than those without coagulopathic symptoms (4, 22, 23, 27) . These patients receive more transfusions, spend more time in critical care, and are more likely to develop multiple organ failure (2, 35) .
The mechanism underlining Acute Traumatic Coagulopathy (ATC) is not well understood. The clinical findings that define ATC include a prolongation of Prothrombin time (PT) or activated Partial Thromboplastin Time (aPTT). There is experimental and clinical evidence showing activation of both the anti-coagulant, protein C, and fibrinolytic systems, as well as a decrease in platelet function (2, 3, 7, 19, 29, 34, 38) . Overall, these observations suggest an imbalance between clot formation and breakdown in ATC.
Thrombin and plasmin are serine proteases that are converted from their inactive zymogen forms (prothrombin and plasminogen) by the prothrombinase complex, and by tPA/ uPA respectively (17, 30, 37) . Suppression of thrombin and plasmin is accomplished by inhibiting the generation of the active enzymes, and/or by removing the active enzymes, from the circulation. Thrombin generation can be suppressed by inactivation of FVa and FVIIIa by activated Protein C (aPC). aPC is generated after PC binds Endothelial PC Receptor and is acted on by the thrombin-Thrombomodulin complex. Thrombin is removed from the circulation after binding inhibitory proteins such as α2Macroglobulin (a2MG), antithrombin III (ATIII), fibrin and thrombomodulin (TM). Thrombin generation can be attenuated by thrombin binding ATIII, or 5 by Tissue Factor Pathway Inhibitor (TFPI) binding FXa, or Tissue Factor-FVIIa complex. Plasmin generation can be suppressed by factors that inhibit tissue Plasminogen Activator (PA), including Plasminogen Activator Inhibitor (PAI-1) or Thrombin Activatable Fibrinolysis Inhibitor (TAFI). PAI-1 is produced by platelets, adipose tissue and activated endothelium, and is a strong inhibitor of tPA and urokinase. TAFI is synthesized in the liver and activated by the thrombin-TM complex to down-regulate fibrinolysis. α2MG can also inhibit fibrinolysis by binding plasmin. The proper orchestration of these factors defines how the pro-coagulant and fibrinolytic elements respond to polytrauma and hemorrhage in a manner that restores homeostasis.
We have previously developed a rat model of polytrauma and hemorrhage that is coagulopathic,and demonstrates an elevation in PT and aPTT (9). This model is not resuscitated so as to simulate the pre-hospital conditions of the traumatized patient. In the present study, this model was used to characterize the effect of trauma and hemorrhage on the balance of thrombin and/or plasmin activity during the post injury period. 6 
Materials and Methods:
This study was approved by the Institutional Animal Care and Use Committee of the US Army Institute of Surgical Research. This study has been conducted in compliance with the Animal Welfare Act, the implementing Animal Welfare Regulations, and the principles of the Guide for the Care and Use of Laboratory Animals.
Sprague-Dawley rats (300-400 g) were anesthetized with 1-2% isoflurane/100% oxygen through a nose cone and allowed to breathe spontaneously. Cannulas were placed in the left femoral artery and vein for monitoring arterial blood pressure and for withdrawing blood. Polytrauma was performed as previously described (9) . Briefly, a midline incision was made through the abdominal skin and underlying muscle layers. The right and medial lobes of the liver received three crush injuries each using a clamp covered with silastic tubing. A 10-cm section of small intestines anterior to the cecum was isolated and run gently through the same clamp. The intestines and liver were replaced, and the abdominal incision closed in two layers with sutures.
Femur fracture was accomplished by dropping six stainless-steel balls (65 g each) stacked together, from 36'' through a guide tube (1'' internal diameter) to impact on a rounded aluminum blade resting on the mid-right femur of the right leg that was suspended on two aluminum stands, one under the hip and one under the knee. A large hemostat (5 inch tongs) was used to clamp the muscle of the right leg 10 times. The rats were then bled in a controlled manner through the arterial cannula to a mean arterial pressure of 40 mmHg within 5 min and maintained at 40 mmHg until 40% of estimated blood volume was removed. Hemorrhage was usually completed between 30 and 45 min after trauma. Hemorrhage was then discontinued, 7 and blood pressure and heart rate were allowed to freely compensate. No resuscitation was given. Blood volume was estimated as 7% of body weight (10, 11) . All rats survived the 240 min experimental period, which was immediately followed by euthanasia. Blood samples (in 20 mM sodium citrate with normal saline) were taken before trauma (after cannulation) and at 30, 60, 120 and 240min after trauma from the femoral vein. The volume of sample was calculated into the hemorrhage volume. Blood samples were immediately spun at 10,000g for 10min and the plasma was separated and stored at -80°C.
Plasma levels of rat active tPA and active PAI-1 were determined by ELISA (Molecular Innovations, Inc., MI). Plasma levels of rat ATIII, αMG, and soluble TM were measured by ELISA (Kamiya Biomedical Company, WA). Plasma levels of rat TFPI and TAFI were measured by ELISA (CUSABIO, Wuhan, PR China). Plasma levels of rat D-dimer was measured by ELISA (USCN life Science, Inc., Wuhan PR China). All ELISAs were run under the manufacturer's procedures.
Plasma aPC was measured by OLIGOBIND APC activity assay (American Diagnostica, Pfungstardt, Germany). Blood sample was immediately treated with aprotinin (10µmol/L, Sigma-Aldrich, St. Louis, MO) and recombinant-Hirudin (15µg/ml, Hyphen BioMed, Neuville-SurOise, France) during collection. Total PC was determined by converting all PC to aPC after incubation with 0.2 Unit/ml of PROTAC (ANIARA, West Chester, Ohio) for 10min at 37°C.
Collection of blood over aprotinin and hirudin, and performance of ELISA was as per the manufacturer's instructions. aPC provided from the manufacturer was used to generate standard curves. PC was calculated by subtracting aPC from the total PC. 8 Thrombin activity: Thrombin activity was measured by monitoring the conversion of artificial substrate (SN-20, Haematologic Technologies, Inc. Vermont) to a fluorogenic product over time using a Fluorometer. Thrombin (Sigma-Aldrich, St. Louis, MO) was used to generate standard curves. Total Thrombin was determined by converting all prothrombin to thrombin after incubating plasma with 20µg/ml of rat FXa (Molecular Innovations, Inc., MI) at 37°C for 60 min.
Prothrombin was calculated as the total minus the thrombin activity.
Plasmin activity: Plasmin activity was measured by the monitoring the conversion of chromogenic substrate (S-2403, Chromogenix, DiaPharma Group, Inc., West Chester, Ohio) to a colored product over time using a spectrophotometer at 405nm. Plasmin (Sigma-Aldrich, St.
Louis, MO) was used to generate standard curves. Total plasmin was determined by converting all plasminogen to plasmin after incubating plasma with 1µg/ml of rat tPA (Abcam, Cambridge, MA) at 37°C for 60 min. Plasminogen was calculated as the total minus the plasmin activity.
As the amount of blood taken during sampling was limited in this model, the total measurements were assigned into two identical groups of rats undergoing the same procedures (n=8 for each group). One group of rats was used for measurement of ATIII, α2MG, TM, TFPI, TAFI, tPA, PAI-1, and D-dimer. A separate group of rat was used for measurement of aPC, PC, thrombin, prothrombin, plasminogen and plasmin. Thrombin and Thrombin Inhibitors: Polytrauma and hemorrhage did not lead to a significant rise in thrombin activity over the four hours studied (Figure 1) . However, prothrombin levels fell by 4hrs suggesting that thrombin was being produced, and prothrombin was being consumed. However, this fall was not significant. Prothrombin levels were over 30-40 times higher than thrombin levels at each time point. α2 MG and ATIII both fell significantly ( Figure   2 ) at 2hrs and then rose toward baseline. TFPI did not change significantly over the 4hrs, but tended to mirror α2 MG and ATIII. Soluble TM rose significantly and progressively, more than 11 doubling in concentration over the four hours (Figure 2 ). Protein C increased at 30 minutes and was 2-6 fold higher than aPC (Figure 3 ). The rise in aPC was not significant by ANOVA and the measured levels were at the lower detection limits of the assay.
Plasmin and Plasmin Inhibitors: Polytrauma and hemorrhage led to a significant rise in plasmin activity starting at 30min and continued throughout the 4hrs studied (Figure 4) . Also, plasminogen levels were significantly elevated at all times measured, with the greatest change at 1hr. Plasminogen levels were over 100 times higher than plasmin activity at each time point.
Plasma D-dimer levels were significantly elevated after polytrauma and hemorrhage, and paralleled the rise in plasmin activity ( Figure 5 ). Polytrauma and hemorrhage led to a significant rise in tPA at 30min, then fell below baseline by 2-4hrs. This fall was likely due to the significant rise in PAI-1 at 2-4hrs. TAFI did not change significantly over time ( Figure 5) . After trauma to the intestines and liver, we visually observed rapid formation of clot, suggesting that thrombin generation was rapidly initiated by the trauma. The fall in plasma prothombin also suggests that thrombin was being generated from its precursor. Thrombin activity did not rise significantly in the systemic circulation. The failure to detect a rise in thrombin activity may be due to the presence of endogenous inhibitors that bind thrombin, or inhibit its generation. Indeed, the levels of α2MG and ATIII are orders of magnitude higher than plasmin or thrombin. The fall in α2MG and ATIII after trauma suggest that these inhibitors are binding thrombin, which interferes with the ability of the assay to detect the inhibitors. It is likely that thrombin is rapidly generated in large amounts at the site of injury, and excess thrombin is neutralized by inhibitors to prevent inappropriate clot formation in the general circulation. Thrombin activity changes little in the peripheral circulation after trauma, and indicates that the pro-coagulant side of hemostasis is tightly regulated.
Thrombomodulin is an integral membrane protein expressed on the surface of endothelial cells and acts as a thrombin receptor. TM binding to thrombin creates a complex that inhibits the coagulation system by promoting conversion of Protein C to aPC, which proteolytically inactivates factors Va and VIIIa, limiting further thrombin generation. TM binding to thrombin also activates TAFI, and TAFI inhibits fibrinolysis (36) . The appearance of soluble TM in plasma may be related to the degree of endothelial damage as neutrophil elastase cleaves surface TM and releases the soluble form into the circulation (13). Although soluble TM has been shown to bind thrombin and convert PC into its active form (15) , soluble TM is less effective in promoting 13 thrombin inhibition compared to endothelial membrane-bound TM(13). Since soluble TM is less active than membrane bound TM, the rise in soluble TM may reflect a decrease in the capacity to generate aPC, as well as a decrease in the capacity to activate TAFI. Indeed, we did not detect significant changes in plasma TAFI and aPC over time.
It has been shown that depletion of PC in patients with severe sepsis is caused by a combination of degradation of PC by neutrophil elastase (14) and an inadequate biosynthesis of PC in the liver (12) . In this study, Protein C significantly rose immediately after trauma and hemorrhage, suggesting that trauma and hemorrhage leads to release of Protein C into the circulation, although the source of the PC remains unclear.
Polytrauma and hemorrhage led to a rise in the circulating levels of plasminogen, plasmin activity and D-dimer concentration. The early rise in tPA may be the main driver for the elevated plasmin activity. The late rise in PAI-1 is most likely responsible for the inhibition of tPA at 2-4hrs. The fact that TAFI was not elevated suggests that TAFI does not significantly affect the elevation in plasmin activity. The early rise in plasminogen, like the rise in PC, suggests a release from a reservoir into the circulation.
The rise in plasmin activity and D-dimers suggests that a fibrinolytic coagulopathy develops over time in this model, and mirrors the developing elevation in PT and aPTT that we have previously reported (9) . Plasmin not only enzymatically breaks down clots, but also inhibits pro-coagulant acitivity by proteolysis of several coagulation proteins, including factor Va (20, 25) , Factor IXa(33), Factor X(28) and Factor VIII (16, 24, 32) . Therefore, an elevation of plasmin activity not only causes fibrinolysis, but also inhibits thrombin formation, and thus could contribute to the prolongation of PT and aPTT.
Our animal model of coagulopathy is consistent with clinical observations in trauma patients that show an increase in PT, aPTT, tPA, and D-dimer, and fibrinolysis. This suggests that ATC is due, at least in part, to an elevation in fibrinolysis (6, 18, 26) . The early rise in tPA shown in this study may be the key to preventing this coagulopathy. The rise in both plasminogen and PC suggests that these zymogens are actively secreted or released into the general circulation from hepatocytes or endothelial cells in response to polytrauma and hemorrhage. It is interesting to note that the levels of zymogens measured in this study (Prothrombin, Plasminogen and PC) are many times higher than their respective active enzymes. In the case of plasminogen and prothrombin, the levels are 30-100 times higher. This suggests that these pools of precursors will not be depleted in the acute setting (4hrs), ensuring that active enzymes can be produced in response to severe trauma. 15 Conclusion: This study shows that polytrauma with hemorrhage leads to a sustained elevation in plasmin activity and plasminogen concentration, but no significant change in circulating thrombin activity. The significant rise in plasmin activity, D-dimers and tPA suggests that the coagulopathy in this model is fibrinolytic, which is consistent with numerous clinical studies (3, 7, 29, 34, 38) . The fall in fibrinogen is likely due to consumption and/or dilution by fluid moving into the vascular space. The data in this manuscript suggests that the coagulopathy is due to a number of factors that may include dilution, consumption, and an elevation in fibrinolysis. The fall in ATIII and a2MG suggests that thrombin is elevated and being neutralized by these inhibitors. It is possible that ATIII or a2MG may be useful as a therapy to dampen elevated thrombin generation in situations where thrombin generation is uncontrolled.
Perspectives and Significance:
The most significant finding in this study is that polytrauma and hemorrhage leads to an elevation of plasmin, d-dimers and tPA as measured in the peripheral circulation. However, what is surprising is that thrombin levels did not change in the peripheral circulation. But is this really surprising? Although the damage in the model was severe and extensive, it was localized. We believe that thrombin is elevated proximal to the damage, and any thrombin spillover from the injury is quickly sequestered by inhibitors. This would prevent the formation of inappropriate clots distal to the injury and preserves homeostasis. 
